This paper describes the experiments and the theoretical analyses about the pressure versus flow characteristics of a pressure control proportional valve with diaphragms.
INTRODUCTION
Many kinds of diaphragm type pneumatic pressure control proportional valves have been used. In these valves, the output pressure versus output flow characteristics (abbreviated as P-Q characteristics hereafter) have not been clarified sufficiently yet. It is said that the valve springs are the main reason of the pressure decrease of the characteristics. Generally, a pressure feedback circuit (include a sensor) is used for improving P-Q characteristics. But this method leads to other problems such as high cost, low reliability and so on. The valve, discussed here, is a force-balance nozzlefl apper type pneumatic pressure control proportional valve with diaphragms. The valve is simple, reliable and economic because it has no active feedback circuit. But the tangent of P-Q characteristics is not small, even though the valve springs have small spring constants. To improve the valve performance, we studied the static characteristics and confirmed the mathematical models of the valve [1] , [2] . The effects of the valve elements on P-Q characteristics are also analyzed theoretically [3] , such as the valve springs, the flow force on the supply valve and the effective areas of diaphragms used in the valve. Using these results and data, P-Q characteristics are simulated and it is known that the main reason of the decrease of the output pressure is due to the change in the effective diaphragm areas according to the increase of the supply valve displacement. And the flow force may have a slight effect on P-Q characteristics when the input is small [4] .
In this paper, the equation of the tangent of P-Q characteristics was derived at first. And then the experiments about P-Q characteristics were carried out and were compared with the analytical results. In order to improve the characteristics, another type of diaphragm, i.e. Bellofram, is designed for replacing the original one in the valve. With a Bellofram, P-Q characteristics were tested.
PNEUMATIC PROPORTIONAL VALVE
Valve The valve studied here is shown in Figure 1 . It has no active pressure feedback. Its operating principle is as follows. The supply air (the pressure ps is 500 [kPaG]) flows into the output chamber (the pressure is Po ) through the supply valve {the sectional area is Asv = Asv(z , Ds), where z and Ds are the displacement and diameter of the supply valve respectively}. A part of this air flow passes through the fixed orifice (the sectional area is Ao= Doz /4) into the nozzle back pressure chamber (the pressure is pn ) and flows out through the nozzle-flapper clearance (xnf ) into the ambient. The electric current through the coil produced by the electrical input signal Vi generates the electromagnetic force fe , which is balanced with the nozzle jet force fnj, fl apper spring restoring force {=Kf(xnj0-xnf), where where pd and pu are the downstream and upstream pressures of each orifice, p d is the air density corresponding to pd , A is the cross sectional area of each orifice. In this study, the exhaust air pressure pe is assumed to be the atmospheric pressure and the discharge coefficient of each orifice C is considered as a constant. K is the ratio of specific heat of air.
Defining y, z and Is to be positive to the downward as shown in Figure 1 , the force acting on the supply valve, (2) where As= t Ds2/4 and My is the total mass of the supply valve body and disks. When the air passes through the supply valve, the flow force If acts on the supply valve and is given by Eq. (3), [5] .
As the disk displacement y is always equal to the supply valve displacement, z, when the disks and the supply valve are in contact, Eq.(2) can be rewritten as follows. (4) wherefso is given by (5) In the steady state, the sum of forces acting on the supply valve is zero, i.e. fs= 0. From Eq.(2), z is given by (6) According to Eq.(1), the mass flow passing through the supply valve (Ws) can be expressed by (7) where Cs is the discharge coefficient of the supply valve, and supply pressure Ps is set to be a constant here. Eq.(7) means that Ws depends on z and po. Taking the differentiation of Eq.(7) with respect to z, following equation is obtained. 
We can see from Eq.(12) that three terms in brackets of right side of the equation are main factors which effect Figure 2 Simulation results of the pressure versus flow characteristics on the tangent of P-Q characteristics. The first term (spring term) depends on the derivative of z with Ws, the second term (flow force term) is decided by the change of ff when Ws changes. The last term (diaphragm term) shows that both the derivatives of Apo and Apn with respect to z also affect the tangent of P-Q characteristics.
Simulation Results Changing po from 50 to 200 at every 50[kPaG], P-Q characteristics were simulated with the three factors and the results are shown in Figure 2 . In this Figure, lines 10 show the results which are obtained by considering only the spring term. Lines indicates the results with the spring term and the flow force term. And lines 03 show the results with all of the three terms. From these results, it is cleared that the main reason to make P-Q characteristics worse is the changes of the effective areas of diaphragms. But, when the output pressure is low, the effect of the flow force on the characteristics can not be neglected.
EXPERIMENTAL APPARATUS AND METHODS
Apparatus for measuring ff It is difficult to measure the flow force ff directly. For this reason, ff was measured indirectly with the setup shown in Figure 3 . The setup consisted of three blocks. The middle block was taken out from the valve and was assembled in the setup with the supply valve. Its detail drawing is shown in Figure 4 . Two cantilevers (plate springs) in the upside block and downside block were used instead of disk spring and valve spring. They were used for setting the supply valve like they are in and the angle depends on The force balance of the supply valve is given by (13) where the mass of the supply valve is ignored. FromEq.(13), ff is given by (14) The ffversus Qs characteristics obtained from the . Experimental results agree fairy well with theoretical ones, and it is cleared that If increases parabolically with flow Qs. Effective Area of Diaphragms Effective areas of diaphragms Apo, A pn have been analyzed and the results show that they change with z and they are simulated as functions of z [3] , [4] . From the results of simulations, it is cleared that the shape of the diaphragm and the valve have some effect on the effective area of the diaphragm. For improving P-Q characteristics of the valve, a different type of diaphragm (Bellofram) was tried. When it is set in the valve, Bellofram can get the similar shape as a diaphragm (it is shown in dotted line in Figure 6 ). Effective area versus z characteristics of Bellofram and the original diaphragm were tested. Figures 7 and 8 With these standard dimensions, P-Q characteristics of the valve were tested. Figure 9 shows the comparison of experimental and simulation results of P-Q characteristics. During the experiment, supply pressure Ps was set at 500 [kPaG] which is the same value as that in the simulations, and rated output pressure po was changed every 50 [kPaG] from 50 to 200 [kPaG]. In Figure 9 , solid lines show the simulation results with the three factors discussed in section 3. These four lines are the same ones as indicated byshown in Figure 2 . When the flow Qs is greater than the maximum value (in standard dimension it is 3 3 5 [Nl/min]), the sectional area of the supply valve gets into saturation, the output pressure falls down rapidly in the simulation. The same phenomena were observed in the experiments.
In Figure 9 , triangle and circle marks show experimental results with a Bellofram and the original diaphragms respectively. It is confirmed that changing the shape or the design of the diaphragm, P-Q characteristics of the valve can be improved with changing the shape of the pilot diaphragm. In these experiments only one piece of diaphragm (pilot diaphragm) was exchanged with a Bellofram, because the other one needed some special manufacturing. Therefor, if both diaphragms (pilot and control diaphragms) were exchanged, the P-Q characteristics of the valve will become a little more satisfactory.
CONCLUSIONS
In this paper the pressure versus flow characteristics of a diaphragm type pneumatic pressure control proportional valve have been analyzed theoretically and experimentally. 
